Polygonibacillus indicireducens gen. nov., sp. nov., an indigo-reducing and obligate alkaliphile isolated from indigo fermentation liquor for dyeing Obligately alkaliphilic and halophilic strains, designated In2-9 T and D2-7, were isolated from a fermented Polygonum indigo (Polygonum tinctorium Lour.) liquor sample obtained from a craft centre in Date City, Hokkaido, Japan. The 16S rRNA gene sequence phylogeny suggested that strain In2-9 T is a member of the genus Bacillus with the closest relatives being the alkaliphilic species of the genus Bacillus, Bacillus hemicellulosilyticusJCM 9152 T (96.4 % 16S rRNA gene sequence similarity) and Bacillus alcalophilus DSM 485 T (96.5 %). Cells of the isolate stained Gram-positive and were facultatively anaerobic straight rods that were motile by peritrichous flagella. Strain In2-9 T grew between 13 and 45 C with optimum growth at approximately 35-37 C. The isolates grew in the pH range of 8-12 with optimum growth at pH 10. The isoprenoid quinone detected was menaquinone-6 (MK-6) and the DNA G+C content was 39.4 mol%. The whole-cell fatty acid profile mainly (>10 %) consisted of iso-C 15 : 0 , anteiso-C 15 : 0 and C 16 : 0 . Spore shape and location and chemotaxonomic characteristics revealed that the isolates were distinctly different from phylogenetic neighbouring alkaliphilic species of the genus Bacillus. On the basis of phenotypic and chemotaxonomic characteristics and phylogenetic data, the isolates represent a novel species of a new genus, for which the name Polygonibacillus indicireducens gen. nov., sp. nov. is proposed. The type strain of the type species is In2-9 T (=JCM 30831 T =NCIMB 14982 T ), and strain D2-7 is an additional strain of the species.
During indigo fermentation, the reduced state of the indigo dye is sustained by indigo-reducing alkaliphiles under alkaline conditions (higher than pH 10) (Aino et al., 2010) . Indigo-reducing bacteria, namely, Alkalibacterium psychrotolerans, Alkalibacterium iburiense and Alkalibacterium indicireducens have been isolated from indigo fermentation liquor obtained from Date City, Iburi, Hokkaido and Tokushima City, Shikoku in Japan (Nakajima et al., 2005; Yumoto et al., 2004 Yumoto et al., , 2008 . Other indigo-reducing bacteria belonging to the genus Amphibacillus such as Amphibacillus indicireducens and Amphibacillus iburiensis have been isolated (Hirota et al., 2013a, c) . Furthermore, in addition to the species belonging to these two genera, Oceanobacillus indicireducens as an indigo-reducing bacterium has been isolated (Hirota et al., 2013b) . Surprisingly this bacterium does not possess any isoprenoid quinone. The above reports suggest that numerous bacterial species contribute to indigo reduction in indigo fermentation liquor. There is a possibility that more diverse species are also involved in this process. respectively. Clostridium isatidis was isolated from fermentation liquor using a Chinese indigo (Isatis indigotica), whereas the Bacillus sp. was isolated from fermentation liquor using a Japanese indigo (Polygonum tinctorium). Therefore, there is a possibility of isolating of indigoreducing species of the genus Bacillus from indigo fermentation liquor using Japanese indigo. The indigo-reducing Bacillus sp. isolated by Takahara & Tanabe (1960) exhibited the following taxonomic characteristics: Gram-stain-positive rods of 0.9-1.0Â2.0-3.5 µm size, ellipsoidal to cylindrical-shaped spores with and central to subterminal location, can reduce nitrate and hydrolyse starch, optimum growth temperature of 30 C and a special hepta-peptide is necessary for growth.
In this study, indigo-reducing, obligately alkaliphilic bacterial strains were isolated from an indigo fermentation liquor used for dyeing, which was obtained from Date City, Hokkido, Japan and then characterized. Phenotypic and chemotaxonomic characterization, phylogenetic analysis based on the 16S rRNA gene sequence, and DNA-DNA hybridization showed that the isolates merit classification as a novel species of a new genus .
A nine-month-aged fermented Polygonum indigo (Polygonum tinctorium Lour.) liquor sample was obtained from a craft centre in Date City, Hokkaido, Japan. The screening of indigo-reducing bacteria was attempted using the fermented indigo liquor. An aliquot of the sample was inoculated onto PYA-IC medium containing 8 g peptone (Kyokuto), 3 g yeast extract (Kyokuto), 2 g indigo carmine, 10 g Na 2 CO 3 and 15 g agar in 1 l distilled water (pH 10). A tenfold concentrated alkali solution (10 % Na 2 CO 3 ) was separately sterilized and then mixed with the autoclaved medium at a 10 % ratio. The inoculated medium was incubated at 27 C for 2 days under N 2 gas-exchanged anaerobic conditions in an anaerobic jar. Two colonies, each exhibiting a halo around them, which indicates an indigo carmine reduction, were selected as the isolates. These isolates were transferred to peptone/yeast extract/glucose (PYG) medium containing 3 g peptone (Kyokuto), 8 g yeast extract (Kyokuto), 10 g D-glucose, 10 g Na 2 CO 3 and 15 g agar in 1 l distilled water (pH 10). A tenfold concentrated alkali solution (10 % Na 2 CO 3 ) was separately sterilized and then mixed with the autoclaved medium at a 10 % ratio. In addition to the isolates (designated strains In2-9 T and D2-7), Bacillus hemicellulosilyticus JCM 9152 T (=C11 T ), Bacillus alcaliphilus JCM 5262 T and Bacillus pseudofirmus DSM 8715 T were used as reference stains for taxonomic characterization in this study. Cells for analyses for DNA G+C content, fatty acid composition, isoprenoid quinone, meso-diaminopimelic acid (meso-DAP) in the cell wall, polar lipids and DNA-DNA relatedness of the isolates were harvested in the late logarithmic phase after cultivation with aerobic reciprocal shaking (105 r.p.m.) at 35 C in PYG-2 broth containing 3 g peptone (Kyokuto), 8 g yeast extract (Kyokuto), 10 g D-glucose and 1 ml metal mixture (Yumoto et al., 1998) in distilled water containing 100 mM NaHCO 3 /Na 2 CO 3 buffer (pH 10.0). Reference strains were also grown in PYG-2 broth.
For phenotypic characterization, PYG medium (pH 10) was used as the basal medium. The culture was incubated at 27 C for 2 weeks and experiments were performed three times to confirm the reproducibility of results. For determination of positive acid production using API 50CH (bio-M erieux), alkaline basic broth medium was used instead of dedicated medium by manufacturer's instruction. The medium contained: peptone 2.0 g, NaCl 5.0 g, K 2 HPO 4 0.3 g and thymol blue 0.08 g in 1 l 10 mM NaHCO 3 /Na 2 CO 3 buffer (pH 10). Enzyme activities were tested using API ZYM (bioM erieux). Growth experiments at pH 6-12 were performed using PYG medium containing 100 mM NaH 2 PO 4 /Na 2 HPO 4 buffer (for pH 6-8), 100 mM NaHCO 3 /Na 2 CO 3 buffer (for pH 9-10), Na 2 HPO 4 /NaOH buffer (for pH 11) or KCl/NaOH buffer (for pH 12). The media of pH 11 and 12 were sterilized by passing them through a 0.22 µm pore filter membrane owing to the decrease in pH after autoclaving. The pH of the spent medium after the cultivation of strain In2-9 T changed from pH 8, 9, 10, 11 and 12 to pH 7.6, 9.2, 8.8, 8 .5 and 9.0, respectively, at the corresponding growth period. On the other hand, the pH of the spent medium after cultivation of strain D2-7 changed from pH 8, 9, 10, 11 and 12 to pH 7.5, 9.2, 9.0, 8.3 and 8.5 , respectively, after the corresponding growth period. Both strains were grown at the initial pH range of 8-12. Other physiological and biochemical characteristics were examined in accordance with the methods described in Cowan and Steel's Manual (Barrow & Feltham, 1993) and in a report by Yumoto et al. (1998) . Hydrolysis of xylan and cellulose was examined by the method of Teather & Wood (1982) using 1 % of each substrate with PY medium containing peptone (Kyokuto) 10 g and yeast extract (Kyokuto) 3 g in 1 l of 100 mM NaHCO 3 /Na 2 CO 3 buffer (pH 10). For the observation of negatively stained cells by transmission electron microscopy (TEM), cells were grown on PYG agar (containing 1.5 % agar; pH 10) for 2 days. TEM preparation and observation were performed as described previously (Yumoto et al., 2001) . The growth intensities of strains In2-9 T and D2-7 at pH 10 under aerobic conditions in the temperature ranges of 10-45 C and 13-43 C, respectively, were determined using a temperature gradient incubator (Bio-Photorecorder, Type TN-2612; Advantec) by monitoring OD 650 . Cells were Gram-stain-positive, peritrichously flagellated, straight rods (0.4-0.8Â1.6-6.4 µm) ( Fig. S1 , available in the online Supplementary Material) and produced ellipsoidal spores in subterminal to central position. Spores did not cause swollen sporangia. Anaerobic growth was tested using a PYG agar plate in a jar with the air replaced with argon gas. Indigo reduction was tested using a PYG agar plate containing 0.2 % indigo carmine. Phenotypic characteristics are described in the speciesthe species description. The isolates can be differentiated from previously reported phylogenetically neighbouring species of the genus Bacillus on the basis of the characteristics listed in Table 1 .
Bacterial DNA was prepared in accordance with the method of Marmur (1961) . The DNA base composition was determined by the method of Tamaoka & Komagata (1984) . The DNA G+C content of strains In2-9 T and D2-7 were 39.4 and 39.5 mol%, respectively. Whole-cell fatty acids and isoprenoid quinones were analysed as described previously (Yumoto Table 1 . Phenotypic and chemotaxonomic characteristics differentiating strains In2-9 T and D2-7 from other related alkaliphilic species of the genus Bacillus Strains: 1, In2-9 T ; 2, D2-7; 3, Bacillus hemicellulosilyticus JCM 9152 T ; 4, Bacillus alcaliphilus JCM 5262 T ; 5, Bacillus pseudofirmus DSM 8715 T . +, Positive; À, negative; W, weakly positive Acid production from substrates was tested in this study. Data except acid production and growth characteristics for strains 3, 4 and 5 are from Nielsen et al. (1995) and Nogi et al. (2005) , respectively. All strains had ellipsoidal spores. 13-15 Acid production from:
Glycerol , 2002) . meso-DAP in the cell wall was identified by thinlayer chromatography (TLC) (Staneck & Roberts, 1974) . Polar lipids were analysed by the methods of Minnikin et al. (1979) and Collins & Jones (1980) . Polar lipids consisted of phosphatidylethanolamine, diphosphatidylglycerol, phosphatidylglycerol and five unidentified lipids (Fig. S2 ). Gas chromatography (GC) revealed that the cellular fatty acid composition of strain In2-9 T was as follows: iso-C 14 : 0 1.7 %, Table S1 . Menaquinone-6 was detected by TLC and HPLC of the fraction extracted from the cells. The cell-wall of strain In2-9 T contained meso-DAP.
The 16S rRNA genes of strains In2-9 T and D2-7 were amplified by PCR using the primers (Paster et al., 2002) the rpoB gene was also amplified by PCR and the sequence was determined as described by Ki et al. (2009) . The sequences were aligned and the consensus sequence was determined using the program CLUSTAL W (Thompson et al., 1994) . A phylogenetic tree was reconstructed by the neighbour-joining (Saitou & Nei, 1987) , minimum-evolution (Fitch, 1971 ) and maximum-likelihood (Guindon & Gascuel, 2003) methods in MEGA 5 software package (Tamura et al., 2011) . For the neighbour-joining method, the distance between sequences (K unc value) was calculated using Kimura's two-parameter model (Kimura, 1980) . The similarity and identity between sequences was calculated using the GENETYX computer program (Genetyx). The 16S rRNA gene sequences of strains In2-9 T (1484 bp) and D2-7 (1504 bp) were obtained and compared with those of previously reported strains to determine sequence similarities. A phylogenetic tree of the strain together with its closely related neighbours was reconstructed; a maximum-likelihood phylogenetic tree is shown in Fig. 1 . The phylogenetic positions of strains In2-9 T and D2-7 were clearly independent and very similar in the maximum-likelihood, neighbour-joining and minimum-evolution trees. The minimum-evolution tree was very similar to the neighbour-joining tree (Figs S3 and S4) . Strain In2-9 T exhibited sequence similarities of 96.4 and 96.5 % to its closest relatives Bacillus hemicellulosilyticus JCM 9152 T and Bacillus alcalophilus DSM 485 T , respectively. In addition, strain In2-9 T was identical to strain D2-7 displaying 100 % 16S rRNA gene sequence similarity. The rpoB gene sequences of strains In2-9 T (1189 bp) and D2-7 (1224 bp) were also obtained and compared with those of previously reported strains to determine sequence similarities. The maximumlikelihood and neighbour-joining phylogenetic trees based on the rpoB sequence are shown in Figs 2 and S4. Among the rpoB-sequence-determined strains, strain In2-9 T exhibited sequence similarities of 83 and 81 % to its closest relatives Bacillus pseudofirmus OF4 and Bacillus lehensis G1 respectively. Although B. pseudofirmus OF4, B. lehensis G1 and Fermentibacillus polygoni IEB3 T are related to the isolates, the novel isolates exhibit a distinctive position among genera belonging to the Firmicutes including the type species of the genus Bacillus, Bacillus subtilis.
On the basis of the results of 16S rRNA gene sequence analysis and phenotypic characteristics, B. hemicellulosilyticus JCM 9152 T was used as the reference strain for DNA--DNA hybridization. The hybridization temperature was 39.6 C. The level of DNA-DNA relatedness was determined fluorometrically by the method of Ezaki et al. (1989) using photobiotinlabelled DNA probes and black microplates. DNA-DNA hybridization results indicated that strain In2-9 T is different from B. hemicellulosilyticus JCM 9152 T (9±5 %). It is concluded that the isolate is different from other reported species of the genus Bacillus. On the other hand, the DNA-DNA relatedness between strains In2-9 T and D2-7 was 86±9 %. The result indicated that these two strains are of the same species.
Strains In2-9 T and D2-7 exhibited relatively low 16S rRNA gene sequence similarities to Bacillus subtilis IAM 12118 T (GenBank accession no. AB042061) (type species of genus Bacillus; 93.4 % similarity) and Anaerobacillus arseniciselenatis E1H T (type species of genus Anaerobacillus; 92.9 % Table 2 . Phenotypic and chemotaxonomic characteristics that differentiate strain n2-9 T from species of related genera Strains: 1, In2-9 T (data from this study); 2, Fermentibacillus polygoni IEB3 T (Hirota et al., 2016) ; 3, Bacillus halodurans PN-80 T (Nielsen et al., 1995; Nogi et al., 2005) ; 4, Anaerobacillus alkalidiazotrophicus MS 6 T (Sorokin et al., 2008) ; 5, Anaerobacillus arseniciselenatis E1H T (Blum et al., 1998) . +, Positive; À, negative; ±, slightly swollen to not swollen; ND, no data; V, variable reaction. Cells are straight rods (0.4-0.8Â1.6-6.4 µm). Colonies are circular, slightly convex, creamy white and 1-2.5 mm in diameter after 2 days of growth on PYG agar medium. The growth temperature range is 10-45 C with the optimum at 35-37 C (pH 10). Halophilic with a NaCl concentration range for growth of 0-10 % , optimum at 3 % (pH 10). Obligately alkaliphilic growth is at pH 8-12 with the optimum at pH 10 (35 C). Nitrate reduction is positive. Alkaline phosphatase, esterase (C 4 ), esterase/lipase (C 8 ), leucine arylamidase, valine arylamidase, and naphthol-AS-BI-phosphorylase are positive, whereas lipase (C 14 ), cysteine arylamidase, trypsin, acid phosphatase, a-galactosidase, b-galactosidase, b-glucuronidase, agluciosidase, b-gluciosidase, N-acetyl-b-glucosaminidase, amannosidase and a-fucosidase are negative in API ZYM tests. Acid is not produced from carbohydrates except D-fructose (only strain D2-7 was positive) and aesculin ferric citrate in API 50CH tests under aerobic conditions. The DNA G+C content is 39.4-39.5 mol%.
The type strain is In2-9 T (=JCM 30831 T =NCIMB 14982 T ) isolated from a Polygonum indigo (Polygonum tinctorium Lour.) fermentation liquor for dyeing obtained from a craft center in Date-City, Hokkaido, Japan. An additional strain of the species is D2-7.
